Cr -Mn -Mo -Ni pressure vessel steels containing 0.54 and 1.55% Si are studied. Metallographic and fractographic analyses of the steels after tempering at 650 and 700°C are performed. The impact toughness at -30°C and the hardness of the steels are determined. The mass fraction of the carbide phase in the steels is computed with the help of the J-MatPro 4.0 software.
INTRODUCTION
Chromium-and molybdenum-containing steels are structural materials widely used for pressure vessels due to their high toughness at low temperatures and preservation of high strength at elevated temperatures. Unfortunately, a long-term impact of intermediate temperatures in operation lowers the fracture toughness of these steels, and the ductile-to-brittle transition temperatures increases [1 -5] . Two main factors are responsible for degradation of the toughness, i.e., change in the micro-chemical composition of grain boundaries (the temper brittleness) [6 -8] and precipitation of special carbides of the alloying elements, for example, M 23 C 6 , M 6 C and M 7 C 3 [9 -11] . By the data of some recent works, the coarse carbides cannot pin down dislocations and prevent migration of grain and lath boundaries after long-term operation, which causes early failure of the steels [12] . Refinement of special carbides or deceleration of their growth prolongs the service life of steels of this type.
Precipitation of fine carbides during tempering provides high strength and toughness [13, 14] . Silicon is an effective reducer of the size of carbides, because it hinders the transformation of e-carbide into cementite in tempering [15] . It has been shown in [16, 17] that lowering of the silicon content may result in growth of the toughness of quenched and tempered medium-carbon steels with Cr and Mo additions due to a change in the kind of the alloyed carbides and in the distribution of their particles. It has also been reported [18] that silicon may lower the size of the particles of Nb -Ti carbides precipitated in cryogenic steels for pressure vessels and thus may cause increase in their toughness at ultralow temperatures. However, the correlation between the silicon content and the fineness of the carbide phase has not been studied well enough.
The aim of the present work was to study the effect of silicon on the precipitation of carbides and on the low-temperature impact toughness of tempered Cr -Mo steels.
METHODS OF STUDY
We melted specimens of two steels with different contents of silicon in a vacuum induction furnace. The chemical compositions of the steels are presented in Table 1 .
The ingots were fogged for bars, which were then subjected to hot rolling into plates with a thickness of 14 mm. The plates were held at 1000°C for 30 min, cooled with the furnace, tempered at 650 and 700°C for 180 min, and cooled in water.
The microstructure was studied by optical and scanning electron microscopy. The composition of the alloyed carbides was determined with the help of a transmission electron microscope equipped with an energy dispersive spectrometer. Slices of bulk specimens with a thickness of 300 mm were ground with a silicon carbide paper to a thickness of 50 mm. Electropolishing in a twin jet device was conducted in a solution containing 10 vol.% perchloric acid and 90 vol.% glacial acetic acid. The Vickers hardness was determined at a load of 500 g in a Buehler Micromet 5101device with averaging of the results of 10 measurements. The impact toughness of V-notched transverse specimens was determined at -30°C with averaging the results of three measurements. Figure 1 presents the microstructure of the two steels after tempering at 650 and 700°C, which is represented by bainite (B) and ferrite (F). The ferrite has most likely formed in the process of cooling from the austenite range. The results of the scanning electron microscopy show that after tempering at 650°C the carbides in the steel with 0.54% Si are finer and their content is higher than in the steel with 1.55% Si (Fig. 2) . Table 2 presents the impact toughness and the hardness of the steels after tempering. With growth in the tempering temperature the Charpy impact energy decreases in both steels, but the impact toughness of the steel with 0.54% Si is higher than that of the steel with 1.55% Si. The hardness values of both steels are comparable. Figure 3 presents the results obtained by transmission electron microscopy. We have detected carbides of three kinds, i.e., M 23 C 6 , M 6 C and M 7 C 3 . The spherical particles have been identified as M 6 C carbides. The precipitates of M 7 C 3 carbides are faceted. The M 23 C 6 carbides have a shape of extended plates.
RESULTS AND DISCUSSION
It can be seen from Fig. 4 that precipitates of M 23 C 6 are present in both steels. M 6 C carbides are observable only in the steel with 0.54% Si; carbides M 7 C 3 are contained only in the steel with 1.55% Si. Since the shapes of the precipitates in the steels with different silicon contents differed in shape, we evaluated their size in terms of the area of an equivalent circle. For the steel with the lower silicon content we measured 483 particles; for the steel with the higher silicon con- tent we measured 396 particles. The size distribution of the particles is presented in Fig. 5 . The mean size of the alloyed carbides increased from 20 -30 nm at 0.54% Si to 40 -60 nm at 1.55% Si.
We studied the effect of the silicon content and of the tempering temperature on the mass fraction of the carbide phase computed with the help the J-MatPro 4.0 software [19] . The distribution of carbon among the ferrite, the austenite and the carbide phase was not considered for simplicity of the computation. It can be seen from Fig. 6 that the content of M 23 C 6 is higher at the higher silicon content independently of the tempering temperature. The particles of M 23 C 6 in the high-silicon steel are faceted; the low-silicon steel contains equiaxed particles of M 6 C.
The results of the fractographic analysis of the steels after the tempering are presented in Fig. 7 . It can be seen that when the tempering temperature is increased, the size of the cleavage facets grows in both steels. Note. The Charpy tests were conducted at -30°C. The parentheses present the mean value of the impact energy A. It has long been known that silicon hinders formation of cementite [20] . In high-alloy steels cementite precipitates at the early stages of tempering and affects the subsequent formation of alloyed carbides [21] . Alloyed carbides often form on the cementite/ferrite interface by an in situ mechanism [22] . In accordance with the model of [23] , cleavage cracks nucleate on grain-boundary precipitates of carbides. The main factors of brittle fracture are the size and the number of the carbide particles [24] . It has been shown in [25] that growth in the particle size may cause lowering of the impact toughness in the range from -200 to -50°C. In the present work we assumed that the numerous coarsened particles of carbides in the steel with the higher silicon content created places of preferred nucleation of cleavage facets after the tempering. The finer carbide particles in the steel with the lower silicon content are responsible for the higher impact toughness at low temperatures. According to [26, 27] , the toughness of bainitic-ferritic steels increases upon growth in the volume fraction of ferrite. In our work we established that with growth in the tempering temperature the volume fraction of ferrite increased (Table 3) , which contributed into the growth of the impact toughness.
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CONCLUSIONS
1. The Cr -Mo steels with different additions of silicon (1.55 and 0.54%) after holding at 1000°C, cooling with the furnace, and tempering at 650 -700°C acquire a mixed bainite-ferrite structure. 
